Background-Human pulmonary arterial hypertension (PAH) is characterized by proliferation of vascular smooth muscle and, in its more severe form, by the development of occlusive neointimal lesions. However, few animal models of pulmonary neointimal proliferation exist, thereby limiting a complete understanding of the pathobiology of PAH. Recent studies of the endothelin (ET) system demonstrate that deficiency of the ET B receptor predisposes adult rats to acute and chronic hypoxic PAH, yet these animals fail to develop neointimal lesions. Herein, we determined and thereafter showed that exposure of ET B receptor-deficient rats to the endothelial toxin monocrotaline (MCT) leads to the development of neointimal lesions that share hallmarks of human PAH. Methods and Results-The pulmonary hemodynamic and morphometric effects of 60 mg/kg MCT in control (MCT ϩ/ϩ ) and ET B receptor-deficient (MCT sl/sl ) rats at 6 weeks of age were assessed. MCT sl/sl rats developed more severe PAH, characterized by elevated pulmonary artery pressure, diminished cardiac output, and right ventricular hypertrophy. In MCT sl/sl rats, morphometric evaluation revealed the presence of neointimal lesions within small distal pulmonary arteries, increased medial wall thickness, and decreased arterial-to-alveolar ratio. In keeping with this, barium angiography revealed diminished distal pulmonary vasculature of MCT sl/sl rat lungs. Cells within neointimal lesions expressed smooth muscle and endothelial cell markers. Moreover, cells within neointimal lesions exhibited increased levels of proliferation and were located in a tissue microenvironment enriched with vascular endothelial growth factor, tenascin-C, and activated matrix metalloproteinase-9, factors already implicated in human PAH. Finally, assessment of steady state mRNA showed that whereas expression of ET B receptors was decreased in MCT sl/sl rat lungs, ET A receptor expression increased.
P ulmonary arterial hypertension (PAH) is characterized by progressive increases in pulmonary artery pressure (PAP) and resistance. Although treatments for PAH have improved over the last decade, there is still no cure for PAH. In PAH disorders, the pulmonary vasculature initially undergoes constriction and remodeling with muscularization of peripheral arteries followed by medial hypertrophy. A decrease in peripheral arteries is then followed by the formation of neointimal lesions within small pulmonary arteries, which are composed of multiple cell types, including vascular smooth muscle (VSMCs) and endothelial cells (ECs). In addition, cells within neointimal lesions are contained within a tissue microenvironment that is enriched with a variety of growth factors and specific extracellular matrix proteins, including vascular endothelial growth factor (VEGF) and tenascin-C (TN-C). Collectively, these and other factors collaborate to actively promote cellular proliferation, survival, and migration, [1] [2] [3] [4] [5] which may lead to pulmonary vascular occlusion.
To date, only a few animal models of neointimal proliferation of the pulmonary vasculature have been described. For example, Botney 6, 7 showed that rat intra-acinar pulmonary arteries developed a neointima when exposed to both monocrotaline (MCT) and increased blood flow generated from a systemic to pulmonary artery shunt, whereas MCT or a shunt alone caused only medial hypertrophy. Neointimal lesions also developed after pneumonectomy and MCT treatment. 8 In addition, Tuder and Voelkel 9 demonstrated that perturbing VEGF receptor-mediated signaling, in conjunction with hypoxia, also caused neointimal pulmonary artery lesions. More recently, work by Rabinovitch and colleagues 10 found that 5% of transgenic mice overexpressing S100A4/Mts 1 developed plexogenic lesions at the level of the respiratory bronchiole and alveolar duct. Despite these excellent studies, further insights into the mechanisms leading to the development of neointimal proliferation in PAH are needed.
The endothelins (ET) are a family of isopeptides with potent vasoactive properties. ET-1 levels are elevated in PAH and correlate with disease severity. 11 The actions of ET-1 are dependent on activation of at least 2 receptor subtypes: ET A and ET B . ET A receptors are located on smooth muscle cells and mediate vasoconstriction and smooth muscle proliferation. 12 In contrast, ET B receptors are present on both ECs and VSMCs in the rat and human pulmonary circulations. 13 Stimulation of endothelial ET B receptors causes vasodilation through release of NO and prostacyclin and also functions to remove ET-1 from the circulation. 14, 15 Stimulation of ET B receptors on smooth muscle causes vasoconstriction in the rat lung. 16 We have previously shown that the pulmonary vasculature of the transgenic sl/sl rat is deficient in the ET B receptor. 17 This animal exhibits an exaggerated pulmonary vasopressor response to acute hypoxia and exogenous ET-1 infusion. 17 In addition, deficiency of the ET B receptor in the pulmonary circulation predisposes rats to the development of chronic hypoxic PAH but does not lead to neointimal lesions in this model. 18 The purpose of this study was to examine the role of the ET B receptor in the pathogenesis of severe MCT-induced pulmonary hypertension and to determine whether ET B receptor deficiency was associated with development of neointimal lesions by comparing the development of chronic pulmonary hypertension to MCT in transgenic control (ϩ/ϩ) and sl/sl rats.
Methods

Animal Model of PH
The Institutional Animal Care and Use Committee of the University of Colorado Health Sciences Center approved this study. Fifty-three transgenic control (ϩ/ϩ) and ET B -deficient (sl/sl) rats were studied. The colony was established with the use of founder animals provided by Dr M. Yanagisawa. 19 The genotype of each animal was confirmed by polymerase chain reaction of genomic DNA with the use of standard techniques, as previously described. 19 Male rats received a single subcutaneous injection of MCT (60 mg/kg) at 4 to 6 weeks of age.
Hemodynamic Measurements
Hemodynamic study of conscious catheterized rats was performed in 16 animals (MCT ϩ/ϩ , nϭ6; MCT sl/sl , nϭ5; and after being raised in a hyperbaric chamber shortly after birth to compensate for the mild hypoxia of Denver's altitude by simulating sea level oxygen tension, MCT sl/sl hyperbaric, nϭ5). After 4 weeks of MCT treatment, the animals were anesthetized with ketamine/xylazine for placement of catheters in the right carotid artery, main pulmonary artery, and jugular vein. The catheters were filled with heparinized saline, sealed, and tunneled subdermally to the back of the neck and were then exteriorized and enclosed in a small plastic container. After 24 hours of recovery in room air, conscious rats were placed in a small plastic chamber that was flushed continuously with 21% oxygen during hemodynamic measurements of cardiac output, PAP, and systemic blood pressure, as previously described. 17 Total pulmonary resistance (TPR) was calculated as mean PAP/cardiac output (mm Hg/L per minute). PaO 2 , PaCO 2 , and pH were measured with the use of a clinical blood gas analyzer (Radiometer).
Right Ventricular Hypertrophy
Immediately after the animals were euthanized with an overdose of pentobarbital, the heart was resected in MCT ϩ/ϩ (nϭ12), MCT sl/sl (nϭ10), and MCT hyperbaric (nϭ6) rats, and the atria were removed to the plane of the atrioventricular valves. The free wall of the right ventricle (RV) was then dissected free of the left ventricle (LV) and septum (LVϩseptum). The RV and LVϩseptum were weighed, and the RV/LVϩseptum ratio was calculated. 17, 18 
Histology and Morphometric Analysis of Pulmonary Arteries
To evaluate changes in the pulmonary vasculature, MCT ϩ/ϩ and MCT sl/sl rat lungs (nϭ10 for each group) were fixed for histology by tracheal instillation of 4% buffered paraformaldehyde under constant pressure (30 cm H 2 O). The trachea was ligated after sustained inflation, and the lungs were excised and immersed in 4% buffered paraformaldehyde overnight. Paraformaldehyde-fixed lung tissue was cut into 5-m-thick sections, placed in 70% ethanol, and embedded in paraffin. Paraffin sections (5 m thick) were mounted and stained with hematoxylin and eosin or Verhoeff von Gieson (VVG) stains. Representative sections were coded and evaluated in a blinded manner for measurements of wall thickness of pulmonary arteries 30 to 100 m in diameter located at the level of the terminal bronchiole, respiratory bronchiole, or alveolar duct. The wall thickness of VVG-stained vessels was measured at every 90°of circumference and averaged. 20 The presence of neointimal lesions was measured in 20 vessels Ͻ50 m from each slide. The percentage and presence of neointimal lesions were calculated as follows: (neointimal lesionϪpositive vessel count)/20ϫ100. 21 The arterial-toalveolar ratio was determined. 22 
Immunohistochemistry
Immunohistochemistry studies were performed on MCT ϩ/ϩ and MCT sl/sl lung tissue with the use of anti-factor VIII-related antigen (1:1000, rabbit polyclonal, Dako), anti-smooth muscle-␣ actin (1:200, mouse monoclonal, Dako), anti-human VEGF (1:200, mouse monoclonal, Santa Cruz), and anti-chicken TN-C (1:500, Chemicon). Staining was graded ϩ, ϩϩ, or ϩϩϩ for weak, moderate, and strong staining, respectively. For detection of proliferating cell nuclear antigen (PCNA) (1:100, Dako), samples were incubated with a biotinylated anti-mouse IgG prepared according to the manufacturer's instructions (Vector). For PCNA, all immunoassayed sections were exposed to diaminobenzidine diluted in 50-mmol/L Tris buffer containing hydrogen peroxide and lightly counterstained with eosin for PCNA. All others were counterstained with hematoxylin.
Barium/Gelatin Angiograms
Barium angiography was performed in ϩ/ϩ, MCT ϩ/ϩ , and MCT sl/sl rat lungs (nϭ4 for each group). After the animals were euthanized, a thoracotomy was rapidly performed, and heparin was injected into the RV to prevent blood from clotting in the lungs. A tracheostomy was performed, and the lungs were inflated with air through a gavage needle inserted into the tracheostomy. Blood was flushed from the lungs with heparinized saline through a catheter inserted through the wall of the RV into the main pulmonary artery. A heated solution of gelatin and barium was infused into the main pulmonary artery catheter at 74 mm Hg pressure for 3 to 4 minutes. The main pulmonary artery was ligated under pressure, and the lungs were inflation-fixed with formalin at constant pressure (20 cm H 2 O) for at least 24 hours. The barium-filled arterial structure in the lungs was imaged by x-ray radiography. 23
Northern Blot Analysis
Total RNA was purified from MCT ϩ/ϩ and MCT sl/sl rat lungs (nϭ4 for each group) with the use of the GenElute Total RNA kit (Sigma). Twenty micrograms of total RNA per lung were analyzed by standard Northern blot and hybridization techniques with the use of cDNA probes. Rat preproET-1, ET A , ET B , and ECE-1 cDNA probes were labeled with ␣[ 32 P] dCTP with the use of random primed labeling (RTS Random Primer DNA Labeling System; Gibco BRL). An 18s rRNA oligonucleotide was labeled with the use of terminal deoxytransferase and ␣[ 32 P] dCTP. After hybridization, blots were washed in low and high stringency conditions. Imaging and quantification of mRNA signals were performed with a Molecular Dynamics Storm 860 PhosphorImager. Normalization to 18s rRNA levels was used in quantification of mRNA signals. 17, 18 Lung ET Content ET-1 peptide was measured in lung samples from MCT ϩ/ϩ and MCT sl/sl rat lungs (nϭ5 for each group) with a commercially available ELISA kit (BioMedica). Results were normalized to lung protein content. 24
Western Blot Analysis
Western blot analysis was performed according to previously published techniques with the use of a monoclonal antibody to VEGF 24 or a monoclonal antibody to TN-C. 25 Densitometry was performed with a scanner and NIH Image software (National Institutes of Health).
Gelatin Substrate Zymography
Tissue extracts were prepared by homogenizing MCT ϩ/ϩ and MCT sl/sl rat lungs (nϭ4 for each group) at 4°C in protein lysis buffer. Homogenates were centrifuged at 5000 rpm for 5 minutes and stored at Ϫ70°C. Sixty-microgram samples were mixed 1:1 in 2ϫ sample buffer (Invitrogen) and then electrophoresed under nonreducing conditions in a 10% agarose gel containing 1 mg/mL of gelatin (Invitrogen). After electrophoresis, the gel was incubated in reducing buffer for 30 minutes. The gel was then incubated in developing buffer at 37°C for 16 hours. After staining with Coomassie blue, gelatin-degrading enzymes were identified by their ability to clear the substrate at their respective molecular weights. To determine whether matrix metalloproteinases (MMPs) in lung tissue are equivalent in molecular size and activity to MMP-9 and MMP-2, a purified MMP-9/MMP-2 standard (Sigma) was also separated on substrate gels. 25
Statistical Analysis
All results are represented as meanϮSEM. Comparisons were made with the use of 1-or 2-way ANOVA with Fisher's protected least significant difference post hoc test, with PϽ0.05 accepted as significant (Statview).
Results
Exaggerated PAH in ET B Receptor-Deficient Rats
To determine whether ET B receptor deficiency affects the development of PAH in rats exposed to MCT, a number of parameters of PAH were assessed in both control (ϩ/ϩ) and ET B receptor-deficient (sl/sl) rats. Four weeks after MCT treatment, no differences in body weight were detected between the study groups (Table) . However, RV weight and RV hypertrophy, as determined by the ratio of RV/ LVϩseptum weight, were higher in sl/sl than ϩ/ϩ animals (Table) . To determine whether the mild hypoxia of Denver's altitude contributed to the degree of PAH, 5 sl/sl animals were raised as pups in a hyperbaric chamber simulating sea level atmospheric pressure and treated with MCT at 6 weeks of age. There were no significant differences between MCT sl/sl animals and MCT sl/sl animals raised in the hyperbaric chamber. The pulmonary artery medial wall thickness was greater in the sl/sl lung than the ϩ/ϩ lung. Furthermore, there was a marked increase in the medial wall thickness of MCT sl/sl animals and MCT sl/sl animals raised in a hyperbaric chamber (Table) . Neointimal lesions were only seen in MCT sl/sl lungs. During the breathing of room air (21% oxygen), the mean PAP was higher in the MCT sl/sl than in the MCT ϩ/ϩ animals (Table) . Cardiac output was lower and TPR was 3-fold greater in MCT sl/sl than MCT ϩ/ϩ animals. Aortic pressure did not differ between the 2 groups (Table) . As well, arterial blood gases were not different between the study groups, with the exception of PaCO 2 (Table) . Collectively, these studies show that PAH is exaggerated in ET B receptor-deficient rats.
Neointimal Proliferation in ET B Receptor-Deficient Rat Lungs
In its more severe form, PAH is characterized by the development of occlusive neointimal lesions. To determine whether PAH induced by a combination of ET B receptor deficiency and MCT treatment results in neointimal formation, the morphology of control and sl/sl rat lungs treated with MCT was assessed. Hematoxylin and eosin staining of MCT ϩ/ϩ and MCT sl/sl rat lungs revealed medial hypertrophy. Neointimal proliferation was noted in 19% to 30% of small pulmonary arteries Ͻ50 m in diameter in MCT sl/sl rats ( not seen in MCT ϩ/ϩ lungs, in larger pulmonary arteries from MCT sl/sl animals, or in sl/sl animals older than 3 months treated with MCT (data not shown). VVG staining revealed a well-defined internal elastic lamina in MCT ϩ/ϩ rat pulmonary arteries. In contrast, the internal elastic lamina was less apparent in MCT sl/sl small pulmonary arteries with neointimal proliferation (Figure 1 ). Next, to assess the extent of neointimal occlusion, barium angiography was performed to evaluate filling of small pulmonary arteries. MCT ϩ/ϩ rat lungs revealed a nonhomogeneous blush phase and diminished filling of small pulmonary arteries in comparison with normal rat lungs ( Figure 2 ). Furthermore, MCT sl/sl lungs infused with barium showed even less filling of distal pulmonary arteries than normal and MCT ϩ/ϩ lungs.
Characterization of Neointimal Lesions in ET B Receptor-Deficient Rats
To begin to characterize the cellular composition of neointimal lesions in MCT sl/sl lungs, immunohistochemistry was performed. Factor VIII-related antigen was expressed in the neointima of occluded MCT sl/sl lung arteries, indicating the presence of ECs (Figure 3 ). In addition, smooth muscle-␣ actin-positive cells were evident in the neointimal lesions, suggesting the presence of VSMCs and/or reactive fibroblasts ( Figure 3 ). Thus, neointimal lesions in MCT sl/sl lungs phenocopy those observed in human PAH. [1] [2] [3] [4] Increased expression of angiogenic factors, such as VEGF, as well as induction of the pro-proliferative extracellular matrix protein TN-C, represents hallmarks of human PAH, and it is generally accepted that appearance of these proteins promotes accumulation of VSMCs and ECs within occlusive neointimal lesions. 4,5,26 Accordingly, we determined whether cell proliferation, VEGF, and TN-C are increased in ET B receptor-deficient rats treated with MCT. Western analysis for VEGF did not reveal differences between MCT sl/sl and MCT ϩ/ϩ lungs (not shown), but increased VEGF staining was noted in neointimal lesions (Figure 4 ). Staining for VEGF was strong (ϩϩϩ) in MCT sl/sl animals and was weak (ϩ) in MCT ϩ/ϩ animals. Immunohistochemistry for PCNA revealed the presence of an increased number of proliferating cells within neointimal lesions (Figure 4 ). In control rats maintained under normoxic conditions, extracellular TN-C protein was deposited throughout the lung parenchyma, as well as in smooth muscle of large and small vessels and in the smooth muscle layer of the airways ( Figure 5A ). In the sl/sl lung, smooth muscle positivity increased in all tissue compartments and was especially prominent in the large airway smooth muscle layer. In addition, TN-C positivity was apparent beneath the endothelium and in the thickened parenchyma, which showed highly heterogenous TN-C staining. In MCT-treated controls rats, TN-C was deposited throughout the parenchyma, beneath the airways, and in the smooth layers of pulmonary-and bronchioleassociated blood vessels. Submucosal positivity was also apparent. In the sl/sl rats treated with MCT, the expression of TN-C was greatly increased in blood vessels, including occluded small-resistance vessels ( Figure 5A ). Whole lung TN-C was increased in sl/sl lungs without MCT, suggesting a predisposition to PAH, but was not significantly increased after MCT ( Figure 5B ).
Because recent studies indicate that the bioavailability of VEGF 27 and the expression of TN-C 5,25,26,28 rely on activation of specific MMPs, we next assessed MMP activity via gelatin zymography. MMP-9 activity was increased Ͼ4-fold in the MCT sl/sl lungs compared with MCT ϩ/ϩ lungs ( Figure 6 ), whereas MMP-2 activity did not differ between groups ( Figure 6 ).
ET A and ET B Receptor Expression Is Altered With ET B Receptor Deficiency
The activity of ET-1 depends on binding to the ET A and ET B receptors as well as the balance of ET receptor number and activity. 29, 30 Recent studies have shown that blockade of the ET B receptor causes PAH in the ovine fetal lung 30 and predisposes to acute and chronic hypoxic PAH. 17, 18 To determine whether altered ET receptor expression contributes to MCT-induced PAH in the ET B receptor-deficient rat lung, expression of mRNA for pre-proET-1 , the ET A receptor, and the ET B receptor was evaluated between MCT ϩ/ϩ and MCT sl/sl lungs (Figure 7) . MCT sl/sl animals had a 65Ϯ10% decrease in the mRNA for the ET B receptor and a 50Ϯ6% increase in the ET A receptor. Expression of the mRNA for pre-proET-1 and ECE-1 were not different. Whole lung ET-1 was not different between MCT ϩ/ϩ (1.3Ϯ0.3 fmol/mL) and MCT sl/sl lungs (1.6Ϯ0.4 fmol/mL). These data suggest that alteration in the balance between ET A and ET B receptors contributes to PAH in this model.
Discussion
A major finding of this study is that deficiency of the ET B receptor in the pulmonary circulation predisposes rats to the development of severe PAH. After treatment with the endothelial toxin MCT, the transgenic sl/sl rat developed exaggerated PAH characterized by elevated PAP and a markedly diminished cardiac output. In 60% of animals, morphometric evaluation revealed the presence of neointimal proliferation of small distal pulmonary arteries with cells expressing EC and VSMC markers. Barium angiography revealed diminished filling of small pulmonary arteries, which is consistent with a decreased arterial-toalveolar ratio by morphometric evaluation. Moreover VEGF, a proangiogenic factor, and TN-C, a proproliferative extracellular matrix glycoprotein, were highly expressed in the neointimal lesions, which were composed of proliferating VSMCs and ECs. In addition, the activity of MMP-9, an upstream effector of VEGF and TN-C, was increased in MCT-treated sl/sl rat lungs. Possible mechanisms leading to these changes include alterations in expression of the ET receptors with diminished expression of the ET B receptor and increased expression of the ET A receptor. Furthermore, in the absence of MCT, the ET B receptor-deficient sl/sl lung increased production of TN-C. This study suggests that in pulmonary vessels, ET B receptor-mediated signaling counteracts the formation of neointimal lesions in MCT-induced pulmonary hypertension. Figure 5 . A, In control (ϩ/ϩ) rats, extracellular TN-C protein was deposited throughout the lung parenchyma, as well as in smooth muscle of large and small vessels and in smooth muscle layer of airways. In untreated sl/sl lung, smooth muscle TN-C positivity increased in all tissue compartments and was especially prominent in the large airway smooth muscle layer. In addition, TN-C positivity was apparent beneath the endothelium and in the thickened parenchyma, which showed highly heterogenous TN-C staining. In MCT-treated control rats, TN-C was deposited throughout the parenchyma, beneath the airways, and in smooth layers of pulmonary-and bronchiole-associated blood vessels. Submucosal positivity was also apparent. In sl/sl rats treated with MCT, expression of TN-C was greatly increased in blood vessels, including occluded small-resistance vessels (inset). B, Whole lung TN-C was increased in sl/sl lungs without MCT, suggesting a predisposition to pulmonary arterial hypertension, but was not significantly increased after MCT. NORM indicates normoxic. Barϭ50 m.
Figure 6.
Gelatin substrate zymography reveals that MMP-9 activity was increased Ͼ4-fold in MCT sl/sl lungs compared with MCT ϩ/ϩ lungs, whereas MMP-2 activity was not different between groups. Note that MMP-2 and MMP-9 are detected as both a higher-molecular-weight pro-form and a lower-molecularweight active form. STD indicates recombinant MMP-9.
We have previously shown that the pulmonary vasculature of the transgenic sl/sl rat is deficient in the ET B receptor. 17 This genetic model was produced by rescue of the spotting lethal rat, which is a naturally occurring rat strain that carries a 301-bp deletion in ET B , rendering the gene nonfunctional. 19, 31 Although the ET B -deficient rats lack expression of ET B driven by the endogenous promoter, they express ET B in adrenergic tissues, such as the adrenal medulla and sympathetic ganglion. The pulmonary circulation of the transgenic sl/sl rat lacks expression of the mRNA for the ET B receptor, lacks ET-1-mediated pulmonary vasodilation, exhibits an exaggerated pulmonary vasopressor response to acute hypoxia and exogenous ET-1 infusion, and is characterized by diminished NO production. 17 In addition, deficiency of the ET B receptor in the pulmonary circulation predisposes rats to the development of chronic hypoxic pulmonary hypertension 18 and hypoxia-induced pulmonary edema. 24 In the present study we have shown that ET B receptor deficiency predisposes to severe PAH with neointimal proliferation of small pulmonary arteries.
This study is of interest because few animal models of neointimal proliferation of small pulmonary arteries have been described, especially at the cellular and molecular levels. Pulmonary lesions in rats exposed to MCT in addition to a systemic to pulmonary artery shunt 21 or pneumonectomy 8 suggest the importance of vascular in-jury in addition to high flow for the development of neointimal lesions. However, hemodynamic stress is apparently not necessary to develop these lesions because hypoxia with blockade of the VEGF receptor 2 also causes neointimal proliferation of the pulmonary circulation. 9 More recent studies have shown that genetic alterations may be sufficient to develop plexogenic arteriopathy because overexpression of S100A4/Mts 1, which confers a metastatic phenotype in tumor cells, caused plexogenic lesions in 5% of mice. 10 Deficiency of the ET B receptor predisposes to neointimal proliferation of carotid arteries after balloon injury 32 and to PAH in the fetal lamb. 30 Our study also shows that genetic alteration of the ET B receptor with endothelial injury predisposes to plexogenic arteriopathy.
ET B receptor deficiency may predispose to exaggerated pulmonary hypertension and neointimal proliferation induced by MCT as a result of several mechanisms. The sl/sl rat pulmonary vasculature is characterized by diminished endothelial NO synthase protein and has decreased ability to produce NO. Furthermore, pulmonary arterial ET-1 levels are 8-fold higher in sl/sl than ϩ/ϩ control animals. 17 Further studies in hypoxic animals showed that prostacyclin synthase protein and prostacyclin production were decreased in the sl/sl rat lung. 18 More recent studies showed increased VEGF protein in the sl/sl rat lung than in the ϩ/ϩ lung. 24 A recent study also found that MCT exaggerated the pulmonary hypertensive response in sl/sl animals, 33 and a subsequent report revealed that the pulmonary hypertensive response was mediated largely through the ET A receptor. 34 However, no neointimal lesions were seen in either of these 2 studies. The presence of neointimal lesions in our study may be due to a longer exposure to MCT or younger animals treated with MCT. The mild hypoxia at Denver's altitude is likely not the primary factor because animals raised in a hyperbaric chamber and treated with MCT also developed neointimal lesions. In this study the extracellular matrix glycoprotein TN-C was markedly increased in both control sl/sl rat lungs and the neointimal lesions of MCT-treated rats. Thus, deficiency of the ET B receptor predisposes to pulmonary hypertension even in the absence of MCT treatment.
The neointimal lesions that form after MCT treatment of the ET B receptor-deficient rat share several features that are associated with human plexogenic arteriopathy. Both are characterized by intimal hyperplasia leading to occlusion of the arterial lumen. Cellular proliferation of ECs, 2, 35 VSMCs, 6, 7, 36 and expression of specific extracellular matrix proteins such as TN-C 3 are also shared by the present model and human PAH. Recent studies have suggested that VEGF may play a proangiogenic role in the development of plexogenic arteriopathy. 4 Furthermore, the proproliferative TN-C is increased in plexogenic lesions of children with congenital heart disease, 5 in patients with familial and sporadic forms of PAH (P.L. Jones, PhD, unpublished data, 2004) , and in the present model. It is interesting that the internal elastic lamina was difficult to discern in occluded pulmonary vessels of MCT-treated Figure 7 . Northern blot analysis shows that MCT sl/sl animals have a 65Ϯ10% decrease in steady state levels of ET B receptor mRNA and a 50Ϯ6% increase in ET A receptor mRNA levels. In contrast, expression of mRNAs for pre-proET-1 (ppET-1) and ECE-1 did not change.
sl/sl rats because recent studies have suggested that an endogenous vascular elastase may contribute to the proliferative lesions of plexogenic arteriopathy, 28 yet this was not directly tested in this study. However, MMP-9, which is activated to a greater extent in MCT-treated sl/sl rats, has been shown to act as an elastase. 37 ET receptor antagonists have been developed to treat PAH. Bosentan, a dual ET receptor antagonist, lowers PAP and vascular resistance in adults and children with PAH. 38, 39 Selective ET A receptor blockade with sitaxsentan is also effective in the treatment of PAH and has the potential advantage of maintaining ET B receptor-mediated ET clearance and NO release. 40 However, the potential advantages of selective ET A receptor blockade remain incompletely understood. There is no clinical strategy to treat PAH with the use of selective ET B receptor antagonists, yet this study highlights the theoretical advantage of maintaining ET B receptor activity in PAH.
